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Abstract 
 
This study attempts to understand the microbiology of Spanish caves with Palaeolithic paintings by 
analysing the microbial diversity existing in the caves. A variety of methods was used to study the 
microbial communities. Traditional methods based on culturing microbial cells and molecular 
techniques based on the detection of specific RNA and DNA sequences were used. Culture-dependent 
methods only allow the detection of a small fraction of microorganisms able to grow on specific culture 
media. DNA analyses provide information on the microorganisms present in the samples whereas RNA 
analyses allow detection of those microorganisms showing metabolic activity in situ. Thus, by using 
RNA-based analysis we can detect the fraction of microorganisms 
showing activity on Palaeolithic caves. These microorganisms and the physiological activity they 
develop are the points of interest for the analysis of potential damage to Palaeolithic paintings and their 
conservation.  
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Introduction 
 
Palaeolithic rock art is widespread in the countries of the Mediterranean basin. In the Iberian Peninsula, 
most caves with rock paintings are found in the calcareous reliefs of the Cantabrian cornice (Altamira, 
Tito Bustillo, La Garma, Llonin, Candamo, and so on). In general, these caves and those of south and 
southwest France (Niaux, Lascaux, Pech-Merle, and so on) suffer similar conservation problems, in 
particular those connected with mass tourism and/or their adaptation to receive it. Microorganisms are 
everywhere, and those thriving in caves are a significant factor to consider in the paintings’ 
conservation owing to their potential deteriorating effects. Severe contamination and microbial growth 
on walls and ceilings are well known (particularly in Lascaux, Altamira, Tito Bustillo, and so on). In 
many cases the bacterial and fungal colonies can be observed with the naked eye and can affect the 
paintings. Despite this evidence of microbial deterioration, there have been few studies that have 
analysed in detail the microorganisms in these caves and the conservation of the paintings (Hoyos et al. 
1998, Groth et al. 2001,  Schabereiter et al. 2002a, b, Laiz et al. 2003). The use of molecular techniques 
to study these communities has only recently been introduced in studies of cultural heritage, and 
specifically on the study of hypogean microbial communities (Schabereiter et al. 2002a, b). This study 
attempts to understand the microbiology of Spanish caves with Palaeolithic paintings and analyses the 
microbial diversity existing in the caves. For this analysis, we used novel molecular techniques, which 
allowed the detection and classification of the microorganisms showing metabolic activity in caves 
with Palaeolithic paintings. With this objective, molecular techniques based on RNA are proposed in 
this study, representing the first use of this methodology in studies of cultural heritage. 
 
Methods 
 
A variety of techniques were used to study the presence of microorganisms in caves with Palaeolithic 
paintings, specifically Altamira Cave (Cantabria, northern Spain). Microorganisms were detected by 
using molecular techniques (cultureindependent) and traditional methods (culture-dependent). Minute 
samples were collected under aseptic conditions and refrigerated until processed in the laboratory. 
Culture-dependent methods were based on specific culture media adequate for the culturing of a wide 
range of microorganisms.  Culturing consisted of detecting microbial growth on appropriate culture 
media. Samples were inoculated on trypticase soy agar (TSA), malt-yeast extract (MEY), starch-casein 
(SC), and Difco nutrient broth (DNB), which have been previously described (Laiz et al. 1999). 
Inoculated culture media were incubated at 28 °C. Cultures were observed daily for up to four weeks. 
Colonies obtained on solid media were grown again and isolated on fresh media. DNA was extracted, 
and the 16S ribosomal RNA gene (16S rRNA) was amplified by polymerase chain reaction (PCR) as 
described below. The amplified 16S rRNA gene was sequenced and used for the identification of the 
isolates by comparison with similar sequences from DNA databases using the Blast algorithm (Altschul 
et al. 1990) and the NCBI nucleotide database (National Center of Biotechnology Information, 
Rocksville, Maryland, USA; http://www.ncbi.nlm.nih.gov/BLAST/). Culture-independent methods 
were based on both DNA and RNA to obtain comparative information on the microorganisms present 
in the samples (DNA based) and the fraction of the microbial community showing significant 
metabolic activity (RNA based). DNA was extracted using the Nucleospin food DNA extraction kit 
from Macherey-Nagel (Duren, Germany). The RNAqueous-4PCR (Ambion Inc, Austin, Texas, USA) 
was used to extract RNA. Complementary DNA to the 16S  RNA was synthesized by reverse 
transcriptase (Invitrogen, Carlsbag, California, USA) using the reverse 16S rRNA-specific primer 518R 
(5′-ATT ACC GCG GCT GCT GG). Nucleic acids from the analysed samples were amplified by PCR, 
using primers specific for bacterial 16S rRNA  genes: 27F (5′-AGA GTT TGA TCC TGG CTC AG) 
and 907R (5′-CCC CGT CAA TTC ATT TGA GTT T). The amplified 16S rRNA gene sequences were 
used for obtaining microbial community fingerprints by denaturing gradient gel electrophoresis 
(DGGE, Muyzer et al. 1993, Gonzalez and Saiz-Jimenez 2004). This method allowed direct 
comparisons of the microbial communities detected from DNA- and RNA-based analyses and between 
different samples. Microbial identification was achieved after cloning, screening and sequencing the 
amplified sequences as described by Gonzalez et al. (2003). 
 
Results and discussion 
 
Cultured-independent techniques showed higher microbial diversity than culture-dependent methods, 
and some bacterial groups were only detected using molecular techniques. By cultivation methods, the 
Actinobacteria and Firmicutes were the predominant bacterial groups, with 32.5 and 48.0 per cent of 
the isolates, whereas culture-independent techniques showed the Proteobacteria as the predominant 
microbial component and Actinobacteria as having much lower representation than with culturing 
methods. Molecular techniques also showed the presence of different bacterial groups that have never 
been detected by the use of culture-dependent methods, probably because of their special culturing 
conditions (for example, anaerobic environment or special nutrient requirements). Among the bacterial 
groups not detected by culturing techniques, the δ-Proteobacteria, Acidobacteria, Cloroflexi (previously 
Cytophaga/Flexibacter/ Bacteroides group), Nitrospirae, Planctomycetes, Sphingobacteria, 
Verrucomicrobia and the TM6 candidate division were present (Figure 1). Cyanobacteria were not 
 
 
 
cultured in this study but have been previously reported by using culturing techniques in hypogean 
environments (Albertano and Urzi 1999); and the molecular methods detected their presence in some 
specific locations closed to lighting sources. Although DNA analyses provide information on the 
presence of microorganisms in a given sample, additional experimental approaches are required to 
investigate the fraction of bacteria actively involved in metabolic transformations in the studied 
environments. This will reduce the target microorganisms to focus on future work on the potential 
effect of these microbial cells on the conservation of paintings. In this study, we propose the use of 
RNAbased molecular techniques to detect those microorganisms showing activity in situ. A variety of 
bacterial groups were shown to be active in the caves as judged by their detection based on RNA 
extracted from the samples. An example of a comparative electrophoretic analysis by DGGE of DNA- 
and RNA-based strategies is shown in Figure 2. The Proteobacteria division represents the most 
abundant bacterial group according to the results obtained in this study. Both DNA- and RNA-based 
molecular strategies confirm it. The DNA-based technique used in this study resulted in about 61 per 
cent of the identified sequences and the RNA-based identification of sequences lead to 57.8 per cent of 
sequences belonging to the Proteobacteria. Only 21.6 per cent of cultured bacteria belonged to the 
Proteobacteria. Within the Proteobacteria, the γ-Proteobacteria (for example Acinetobacter, 
Hydrocarboniphaga, Proteobacterium, Pseudomonas, Stenotrophomonas and enterobacteria) are the 
most abundant (Figure 1), representing 56.7 per cent and 33.4 per cent of Proteobacteria based on DNA 
and RNA, respectively, and a 54.2 per cent of Proteobacteria based on culturing methods. α-
Proteobacteria (for example Methylobacterium, Mesorhizobium, Rhizobium, Roseobacter, 
Sinorhizobium, Sphingomonas) and β-Proteobacteria (for example Aquapirillum, Herbaspirillum, 
Nitrosovibrio, Ralstonia, Variovorax) represent from 15 to 25 per cent of Proteobacteria detected by 
any of the three proposed methods. However, when comparing the results obtained for the δ-
Proteobacteria (for example Desulfovibrio, Thauera, Mellitangium, Condromyces), a significant 
discrepancy was observed between the three techniques. δ-Proteobacteria have not been previously 
detected by culturing methods, probably because of a frequent requirement for anaerobic conditions. 
By using Desulfovibrio-specific culturing media we have been able to grow sulphate-reducing 
microorganisms from the Altamira Cave samples although they have not been isolated and 
characterized yet. With DNA-based molecular techniques, the δ-Proteobacteria only accounted for 7.6 
per cent of the detected Proteobacteria but they represented 25.1 per cent of Proteobacteria in Altamira 
Cave. These results suggest the importance of δ-Proteobacteria in the microbial transformation taking 
place in this cave and the significance of anaerobic microbial metabolism in hypogean environments, 
specifically in Altamira Cave. Our results corroborate the importance of Acidobacteria in caves with 
Palaeolithic paintings. Schabereiter-Gurtner et al. (2002a) reported that the generally unculturable 
Acidobacteria constitute a highly significant fraction of the bacterial community in Altamira Cave. In 
this study we confirm these results and observe that Acidobacteria also show a significant metabolic 
activity in this cave because these bacteria represent a 12 per cent of the total microorganisms 
identified with RNA-based techniques. Therefore, the Acidobacteria could be a bacterial group to take 
into account to assess the potential biodeteriorating effect of microorganisms on these paintings. 
Culture methods showed the presence of a high percentage of Actinobacteria in Altamira Cave (32.5 
per cent of isolates). Among the actinobacterial genera most frequently isolated are Agromyces, 
Arthrobacter, Microbacterium, Nocardia, Nocardioides and Streptomyces. DNA- and RNA-based 
molecular techniques showed a slightly lower percentage represented by Actinobacteria (13.8 and 10.8 
per cent of sequences, respectively). Previous studies (Groth et al. 1999, Groth and Saiz-Jimenez 1999) 
have reported a high abundance of Actinobacteria in caves with Palaeolithic paintings based on culture 
methods. Recently, Laiz et al. (2003) discussed the discrepancy between DNA-based molecular 
techniques and culture-dependent methods on the representation of Actinobacteria in hypogean  
 
 
 
Figure 2. DGGE analysis showing an example of the bacterial diversity obtained from DNA- and RNA-
based molecular techniques. Note the large abundance of bands from the DNA-based strategy versus 
the lower number of bands from the RNAbased technique. DNA-based detection methods inform about 
the presence of bacterial cells whereas RNA-based techniques detect those microorganisms 
metabolically active in the analysed samples. The arrows indicate the location of two markers 
prepared from 16S rRNA fragments from Escherichia coli and a Streptomyces spp. Horizontal bars 
represent the bands corresponding to microorganisms identified by the DNA-based method. A link 
between a bar and its identification corresponds to results obtained through the RNA-based method  
 
environments. DNA- and RNA-based strategies revealed that Actinobacteria are much less abundant 
than indicated by culturing methods (Figure 1). The Firmicutes is a bacterial division represented by a 
high percentage (48 per cent) of isolates in Altamira Cave, although DNA- and RNA-based molecular 
techniques only represented 11.5 per cent and 8.4 per cent of processed sequences, respectively. 
Among the genera most frequently isolated from Altamira Cave belonging to the Firmicutes are 
Bacillus, Brevibacillus, Clostridium, Paenibacillus and Aneurinibacillus. This might be because of the 
production of spores by these microbial species as discussed by Laiz et al. (2003), giving high 
persistence to these species for non-sporulating bacteria, although they could be at a much lower 
abundance that other bacterial groups. Other bacterial divisions only detected by DNA- and RNA-
based molecular techniques in samples from Altamira Cave, and representing significantly lower 
percentages of the total number of analysed sequences, are uncultured members of the Cloroflexi, 
Nitrospirae (for example Nitrospira), Planctomycetes (for example Gemmata, Pirellula, 
Planctomyces), Sphingobacteria, TM6 candidate division and Verrucomicrobia. These bacterial groups, 
together with the previously reported most abundant bacterial groups (see above), show the existence in 
Altamira Cave of a huge bacterial diversity that constitutes a challenge for understanding the microbial 
processes and potential biodeteriorating effect of this complex community. Such an understanding is 
essential for the conservation of Altamira’s paintings.  
 
Conclusion 
 
The results obtained from three independent techniques (cultivation, DNA- and RNA-based molecular 
detection) represent a unique approach. In samples from caves holding paintings, only a minor fraction 
of the existing bacteria are able to grow and form colonies under laboratory conditions. Molecular 
techniques, based on either DNA or RNA, provide highly valuable information on the microbial 
communities developing in hypogean environments. DNA-based analysis allows the detection of most 
of microorganisms present in a given sample. An RNA molecular strategy leads to the detection of the 
microorganisms showing metabolic activity in the samples analysed. The active microorganisms will 
be those directly implicated in any microbial process occurring on rock art. Hypogean environments 
are characterized by constant environmental parameters. If these conditions are to be altered, the 
presence of inactive microorganisms (detected by DNA-based molecular techniques) represents a 
potential, risk (one that is worth evaluating) for the conservation of the paintings held at the studied 
caves. Based on the information obtained by the use of traditional and molecular microbiological 
techniques, we expect to be in a better position to analyse the potential effects of microorganisms on 
the conservation of caves with Palaeolithic paintings.  
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